ABSTRACT: A surveillance programme was initiated on the occurrence and distribution of viral haemorrhagic septicaemia virus (VHSV) in wild marine fish. Six research cruises were undertaken in an 18 mo period during 1997 and 1998, covering the North Sea, the Atlantic waters off the north and west coasts of Scotland and the Irish Sea. A total of 19 293 fish were sampled from 23 different species including cod, haddock, Norway pout, herring and sprat. Individual fish lengths were recorded and the fish were checked for lesions, haemorrhaging and other signs of disease. Pools of organ samples were taken for virus assay. The majority of fish sampled did not display clinical signs indicative of viral haemorrhagic septicaemia. A small number of cod were found with skin lesions and haddock with skin haemorrhaging. Of the 2081 organ and skin sample pools collected, 21 tested positive for VHSV by tissue culture and enzyme-linked immunosorbent assay. Seventeen of the isolates originated from Norway pout Trisopterus esmarkii, one from cod Gadus morhua (skin lesion), one from herring Clupea harengus, one from whiting Merlangius merlangus, and one from a previously unreported host species, poor cod Trisopterus minutus.
INTRODUCTION
The occurrence of viral haemorrhagic septicaemia virus (VHSV) in the marine environment of continental Europe is well established (Castric & de Kinkelin 1980 , Hørlyck et al. 1984 , Dixon 1999 , Mortensen et al. 1999 . Since the first isolation of VHSV from wild Atlantic cod, Gadus morhua (Jensen et al. 1979) , VHSV has been isolated from a number of wild marine fish species including Atlantic cod (Smail 1995 , 2000 , Mortensen et al. 1999 ; Atlantic herring Clupea harengus (Dixon et al. 1997 , Mortensen et al. 1999 ; haddock Melanogramus aeglefinus (Smail 2000) ; Norway pout Trisopterus esmarkii, sprat Sprattus sprattus, rockling Rhinonemus cimbrius, whiting Merlangius merlangus, blue whiting Micromesistius poutassou, and lesser argentine Argentina sphyraena (Mortensen et al. 1999 ). Most of the species that have been shown to harbour VHSV do not display evidence of disease pathology, although there have been isolations from skin lesions on cod (Meyers et al. 1992 , Smail 1995 , 2000 , Mortensen et al. 1999 , skin ulcers and subdermal haemorrhage on Pacific herring Clupea harengus pallasi (Meyers et al. 1994) , and from haddock showing skin haemorrhages (Smail 2000) .
VHSV is widespread in the Baltic Sea and of lower prevalence in the North Sea, Skagerrak and Kattegat (Mortensen et al. 1999) . Small scale surveys of wild fish in coastal waters around the UK have resulted in isolations of VHSV from herring in the English Channel (Dixon et al. 1997 ) and cod and haddock from the North Sea, east of Shetland (Smail 1995 (Smail , 2000 .
The susceptibility of cultured marine fish species to VHSV has been highlighted following disease outbreaks in cultured turbot, Scophthalmus maximus, in Germany (Schlotfeldt et al. 1991) , Scotland (Ross et al. 1994) and Ireland (J. McArdle unpubl.) . Links between isolates from wild fish caught in the North Sea and isolates causing mortality in turbot (Stone et al. 1997 , Snow et al. 1999 have raised concerns over the potential impact of the marine reservoir of VHSV on cultured fish.
To further describe the occurrence of VHSV in wild fish populations around Scotland a programme was established to survey fish species of the North Sea and the coastal waters of Scotland for the occurrence of VHSV. This paper describes that survey, which aimed to identify VHSV carrier species and to investigate VHSV prevalence in these geographical areas.
METHODS
Marine fish sampling protocol. Six research cruises were undertaken during the project. The first cruise on FRV 'Scotia' (February and March 1997) was a demersal trawling survey of the grounds off the north and west coasts of Scotland; Cruise 2 (April 1997) was a groundfish survey in the North Sea; Cruise 3 (August 1997) was a demersal trawling survey of the North Sea; Cruise 4 (February and March 1998) was a demersal trawling survey of the grounds off the north and west coasts of Scotland; and Cruise 6 (August 1998) was a demersal trawling survey of the North Sea. Cruise 5 on FRV 'Clupea' (July 1998) was a dedicated survey to determine VHSV occurrence in fish stocks from the coastal waters off western Scotland.
During each cruise, hauls between 30 and 60 min in duration were carried out at specified positions in each statistical square charted for sampling. The gear used was Grande Ouverture Verticale (GOV) trawl (BT137) for Cruises 1, 2, 4 and 6; Aberdeen trawl (75 mm mesh) for Cruise 3; and Rockhopper trawl for Cruise 5.
Species of marine fish targeted for sampling included cod, haddock, whiting, Norway pout, herring and sprat. Cod were specifically targeted for sampling to record the occurrence of lesions or ulcers. For each haul, 30 fish of each species selected for sampling were graded by size and split into 3 groups of 10. Each fish was swabbed with 70% ethanol, the body cavity was opened and a fresh sterile scalpel was used to sample kidney, spleen, and heart or brain. The organs for each group of 10 fish were pooled (total tissue mass of approximately 1 g) and stored in liquid nitrogen. The dissecting areas were disinfected between each pool of 10 fish using 70% ethanol and gloves were changed. Individual fish lengths were recorded and the fish were checked for the presence of skin lesions and subdermal haemorrhage, which were noted along with any other gross pathologies. Lesion-positive fish were sampled for VHSV occurrence in both organs and skin. [Gibco] ); homogenised in a glass tube using a PTFE pestle attached to a motor; incubated at 4°C overnight and then centrifuged at 1000 × g for 20 min at 4°C. BF-2 cells were seeded onto 24-well tissue culture plates (Nunc) to reach a confluency of 60 to 70% after 24 h incubation at 23°C. These were then inoculated with 100 µl of the fish tissue supernatants at dilutions of 1:100, 1:1000 and 1:10 000. The inoculated plates were incubated at 15°C and monitored for signs of viral growth and replication (cytopathic effect [CPE] ) and read after 7 d. If no CPE had developed after the primary incubation, pooled supernatants from the primary culture were sub-cultivated onto homologous cell cultures, undiluted and diluted 1:10, and again incubated at 15°C and monitored for viral activity for a further 7 to 10 d.
The detection limit of this assay, assuming the presence of 1 VHSV infected fish in a pool of 10, would be approximately 10 000 infectious particles per gram of tissue in the infected fish.
Cell cultures showing evidence of CPE were tested by enzyme-linked immunosorbent assay using a commercial diagnostic kit, as per the manufacturer's instructions (Test-Line Limited Clinical Diagnostics, Brno, Czech Republic), to confirm identification of virus as VHSV. Medium from each CPE-positive well was centrifuged at 30 000 × g for 10 min at 4°C to remove cell debris. The resulting supernatant was added to a microtitre plate precoated with purified polyclonal anti-VHSV antibody. Positive and negative controls and blanks supplied in the kit were also added. VHSV was detected by the binding of rabbit anti-VHSV antibody, followed by peroxidase labelled antibody to rabbit immunoglobulin and finally the chromogenic substrate tetramethyl-benzidine.
RESULTS
The fish species and the total numbers sampled during each of the 6 cruises are summarised in Table 1 . The predominant species were haddock, herring, whiting, Norway pout and sprat.
Occurrence of VHSV carrier marine fish species
The total number of fish sampled during the 6 cruises and the resulting number of tissue pools collected are shown in Table 1 . From the 591 tissue pools sampled from Cruises 1 to 3 during 1997 and the 314 tissue pools sampled from Cruise 5 during 1998, no VHSV was isolated. However, of the 585 tissue pools sampled from Cruise 4, 8 were positive for VHSV with 6 of the isolates originating from Norway pout, one from cod from a pool of skin lesions and one from poor cod, which was the first reported isolation from this species (Table 2) . Of the 591 tissue pools sampled from Cruise 6, there were a further 13 VHSV isolations, the majority taken from Norway pout (11 isolates), with one from herring and one from whiting ( Table 2 ). The geographic catchment locations of fish from which VHSV was isolated are shown in Fig. 1 .
Of the fish sampled, few showed any gross signs indicative of viral haemorrhagic septicaemia pathology either externally or internally, including those fish that later tested positive for VHSV. Table 3 shows the number of cod and haddock sampled for virology and of those fish sampled, the number exhibiting skin lesions or skin haemorrhage. Of the 506 cod sampled, 23 were found with lesions. One sample of skin lesions from a pool of fish tested positive for VHSV; however, the corresponding pool of organs tested negative. A small number of the haddock sampled (16 out of 4782) showed skin haemorrhage somewhat similar to that seen previously on haddock from which VHSV was isolated (Smail 2000) ; however, all tested negative for VHSV. 
Occurrence of VHSV associated with lesions in marine fish species

DISCUSSION
The survey identified 5 species of fish from the North Sea and the coastal waters of Scotland that were carriers of VHSV. These were Norway pout, cod, herring, whiting and poor cod. The isolation of VHSV from cod supports previous findings by Smail (1995, 2000) , who described VHSV isolations from cod caught in Scottish seas. Poor cod has not previously been reported as a host species for VHSV, while herring, whiting and Norway pout have previously been described as carriers (Dixon et al. 1997 , Mortensen et al. 1999 .
There is a wide geographical distribution of infected fish within the sea areas sampled, with virus isolations from the North Sea, east of Shetland and west of Orkney, and the northeast Atlantic, west of the outer Hebrides.
VHSV was most prevalent in Norway pout with a total of 17 virus isolations from the 254 tissue pools taken from 2535 fish. Other species of fish having been reported to be carriers of VHSV, such as herring and sprat (Mortensen et al. 1999) , were also sampled in high numbers. However, only 1 isolation was made from herring from 375 pools taken from 3711 fish and no isolations were made from the 176 pools taken from 1704 sprat. Poor cod, the novel host species identified, had a relatively high VHSV prevalence rate with 1 isolation from the 89 pools taken from 886 fish.
The range of fish species and numbers of fish sampled on each of the 6 surveys varied. In 1997, fish spe- Table 2 . Viral haemorrhagic septicaemia virus (VHSV) isolated from samples collected during all 6 research cruises, listing isolate, host fish species, fish length, date fish sampled, catchment location of fish and ICES statistical square Fig. 1 . Map of the ICES statistical squares charted from which fish were sampled for viral haemorrhagic septicaemia virus (VHSV) (shaded squares), showing those squares from which VHSV was isolated (X) cies that had previously been reported as carriers of VHSV within European waters, such as cod, haddock, sprat, herring and whiting (Smail 1995 , 2000 , Dixon et al. 1997 , Mortensen et al. 1999 , were mainly targeted. However, this sampling strategy failed to identify infected fish even though the numbers tested would have been sufficient to detect infection at prevalence levels comparable with those of previous studies that did isolate VHSV (Smail 1995 , 2000 , Dixon et al. 1997 , Mortensen et al. 1999 . Therefore, during the surveys of 1998 the range of species tested was expanded to include the more abundant species caught, such as Norway pout and poor cod. Additionally, 3 times as many animals were tested in 1998 as in 1997. Although no virus was isolated in 1997, compared with the 21 isolations in 1998, it is difficult to compare prevalence between the 2 yr, as 17 of the isolates were from Norway pout and 1 isolate from poor cod in 1998 and these species were not targeted in 1997. Single isolations were made from each of the species cod, herring and whiting in 1998, but the number of these species tested was at least double that of 1997. It is, therefore, not statistically valid to compare prevalence between these years.
Results from this survey together with the earlier work of Smail (1995 Smail ( , 2000 show that VHSV has been persistent in wild fish populations over a period of more than 5 yr and is consistent with the virus being enzootic within populations of several species of marine fish in waters around Scotland.
Almost all of the infected fish identified showed no gross pathology consistent with that reported for marine species with viral haemorrhagic septicaemia (Meyers et al. 1994 , Ross et al. 1994 , Smail 1995 , 2000 , which suggests that virus may have been present at low concentrations in tissues of these fish that can be classed as asymptomatic carriers. Herring and haddock were often noted to have cutaneous haemorrhage caused by capture methods and it was not easy to differentiate between damage caused by capture and potential pathologies. The exception was for cod, where it was possible to recognise the skin lesions that have been previously described (Jensen et al. 1979) . Indeed, during our study VHSV was isolated from a pool of skin lesions from cod. Interestingly, VHSV was not isolated from the corresponding pool of organs, indicating that skin is a primary site of infection. The original marine VHSV isolation was from an Atlantic cod showing the ulcus syndrome (Jensen et al. 1979 ). This syndrome was observed widely in cod during fish disease surveys carried out in the North Sea by Smail (1995 Smail ( , 2000 and VHSV was isolated from lesion-positive fish. VHSV has been isolated from lesions on cod from the Baltic Sea; however, the virus was also isolated from a normal skin specimen (Mortensen et al. 1999) . Frequency analysis data showed no correlation between the presence of lesions and VHSV infection (Mortensen et al. 1999) . Experimentally, VHSV was recovered from a sub-cutaneous lesion on a cod infected intra-peritoneally with an isolate from a wild cod, H16/7/95 (Smail 2000), although virus was not recovered from the organs (Snow et al. 2000) . The North American strain of VHSV has been isolated from skin lesions, but not organs, of Pacific cod Gadus macrocephalus and Pacific herring Clupea harengus pallasi, where it was postulated that skin and fin tissues may be initial sites of replication leading to a viraemia and infection of kidney and spleen (Meyers & Winton 1995) .
Viral pathogenicity of VHSV isolates obtained during this study for the host species of fish is unknown. Possible explanations for the lack of gross pathology observed in infected fish is that although isolates were virulent, the fish were low level carriers having recovered from a disease condition or the fish had an early primary infection. Alternatively, the virus may be of low virulence for the host species. McVicar (1997) discusses the difficulty of observing disease conditions in wild fish primarily because lack of fitness results in death. Host population size and density are conditions that contribute to selective pressure for pathogenicity (Frank 1996) . Numbers of wild fish populations fluctuate between years and commercially caught fish such as cod are on the point of collapse in the areas studied (Cook et al. 1997) . Lower host densities may be expected to result in lower pathogenicity. However, the relationship between host population size and viral virulence is not known; neither is the effect of VHSV infection on fish growth and survival.
Genetic analyses have shown that isolates of VHSV from wild fish in Scottish and other northern European coastal waters are related to isolates from cultured diseased turbot and that the marine isolates of VHSV are distinct from the isolates from freshwater species (Stone et al. 1997 , Snow et al. 1999 . Experimental bath challenges with VHSV have shown turbot to be highly susceptible to many of the marine isolates (King et al. 2001) , but that rainbow trout (H. F. Skall pers. comm.) and Atlantic salmon (King et al. 2001) are not susceptible. However, current European Union harmonised diagnostic tests do not differentiate between marine and freshwater isolates. The existence of wild fish acting as a reservoir of VHSV in coastal waters of Scotland requires a re-evaluation of the EC legislation as it applies to marine species in the coastal zone. Future work by our laboratory will address this issue, particularly with regard to whether diagnostic tests can be developed to distinguish marine and freshwater isolates of VHSV.
